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The functional changes in respiration, circulation, blood composition and blood temperature were investigated in anesthetized dogs that were subjected to the inhalation of steam. The pathogenesis of the accompanying pulmonary congestion and edema was analyzed by measurements of: (a) pulmonary blood flow, (b) pressures in pulmonary artery and vein, (c) pulmonary blood (P32) volume, (d) electrical (AC) resistance of the lungs, and (e) edema fluid of the excised lung. The peculiarities of the pulmonary circulation that were demonstrated by bleeding and blood infusion explain the difficulties of correcting the congestion that regularly preceded thermal edema.
mT HE susceptibility of the lungs to various forms of injuries is attested by thef'tnumerous publications on blast injury," 2jphosgene poisoning,3 and dust inhalation. 4 The subject of respiratory burns has been conspicuously neglected. The Pulmonary congestion and pulmonary edema were so prominent in this investigation that attempts were included to understand, in greater detail, the behavior of the pulmonary circulation by radioactive technic9' 10 and by electrical resistance measurements." 12 These methods have revealed certain interesting characteristics of the lung circulation that were further explored for therapeutic possibilities of this, so far fatal, thermal edema. METHODS Dogs under morphine (2 mg. per kilogram) and chloralose (50 to 100 mg. per kilogram) were used exclusively. A metal tracheal cannula was inse'ted and connected to the manifold represented in figure  1 . By opening and closing the appropriate stopcocks, the animal was allowed to inhale room air or steam at atmospheric pressure. The following measu l'ements were taken repeatedly before, during and after each inhalation: (a) temperature of the blood in the abdominal aorta by inserting through one femoral artery a polyvinyl catheter containing a copper constantan thermocouple (40 S. W. G.), the electromotive force developed being measured by a (Rubicon) galvanometer; (b) electrocardiogram; (c) carotid arterial pressure by a mercury manometer' or by a Lilly electrical capacitance manometer'3; (d) respiration by pneumograph and by collecting expired air in a spirometer; (e) analysis of femoral arterial blood (Paritol* as anticoagulant) for oxygen and carbon dioxide content,'4 total hemoglobin,15 plasma hemoglobin,'5 plasma specific gravity expressed as plasma protein' and hematocrit.'7
The following additional measurements were taken in a selected number: (f) cardiac output estimated by the standard direct Fick method including catheterization of the pulmonary artery and analysis of expired air'8; (g) measurement (by a saline manometer) of pressures in a cannulated pulmonary lobar artery and a lobar vein with the chest subsequently closed over the connecting tubes; (h) measurement of volume of blood in the lungs by means of radioactive erythrocytes,'0 described briefly in figure 13 ; and (i) pulmonary electrical resistance lescribed in detail below under Part III-A.
All animals were autopsied and the lungs wvere further analyzed b1w (a) gross examination; (b) 1istologic section; (c) weighing for pei cent moisture based on wiet an(I (dry weights; and (d) chemical analysis for blood content and edema fluid content, described inldetail in the appendix. The analyzed lungs were also obtained from perfusion experiments lescribed in figure 12 . not be judged by aortic temperature changes alone.
RESULTS AND DISCUSSION
The temperature curves were interesting in other respects. After the quick rise and slow fall, the arterial temperature was stabilized in three minutes to a new level that averaged about half a degree higher than the control ( fig. 2) . In two dogs, this higher level was manifested by additional thermocouples introduced into the pulmonary artery, the left ventricle and the rectum. Oxygen consumption at this time was not higher than before burns so that increased metabolism was not a plausible explanation. The fever started too early to be explained by a systemic response as encountered after severe injuries and infections. The cause was suggested by extending the observations of blood temperature before the tracheotomy. Blood temperature remained constant, but the insertion of the cannula caused a gradual rise averaging 0.6 C. per hour. It was inferred that the omission of the upper passages interfered with normal pulmonary heat loss, and that burning the trachea and lungs interfered even more. Other examples of corresponding impairment of respiration and circulation as a result of lung burns will be mentioned below.
B DOMINGO MI. AVIADO, JR., AND CARL F. SCHMIDT maining possibility was that the hyperpnea was a reflex that was activated by edema and was mediated by the sensory sympathetic nerves. The existence of such receptors has beets suggested by others. [20] [21] [22] [23] As soon as edema started, death was inevitable within two hours. The tracheal fluid was found to have a specific gravity equal to about 80 per cent of that of plasma. The accumulation of fluid and plasma protein in the lung parenchyma was further reflected by an increasing hematocrit, blood hemoglobin content, and plasma specific gravity (table 5*). As expected, blood oxygen content and saturations became low enough to explain the fatal outcome.
A. Changes in Pulmonary Circulation. The mechanism of pulmonary edema was studied by the radioactive measurements of pulmonary blood volume. Four dogs showed an increase in pulmonary blood volume amounting to 60 to 80 per cent of control value (table 2) . This increase is not due to increased pulmonary flow because cardiac output always fell after pulmonary burns. It therefore involved the stagnant blood rather than flowing blood. The cause of this congestion was further investigated by measuring pulmonary vascular and cardiac pressures.
There are three ways of producing pulmonary congestion with decreased pulmonary blood flow: (a) Failure of the left side of the heart; this was not present here because left auricular pressure did not rise after burns ( fig. 5) due to unidentified factors, that were probably acting in vicious cycles.
B. Pathologic Changes in the Excised Lungs. The significant autopsy findings of dogs that were subjected to steam inhalations were confined to the lungs. The gross picture was a constant and characteristic one, as typified in figure 7 . The tracheal and bronchial mucosal linings showed marked capillary injection and contained a foamy sanguinous fluid. The lung tissue was boggy, and when cut, revealed multiple small focal areas of hemorrhage centered about the respiratory bronchioles.
Microscopic examination showed that the greatest pathologic changes were centered FIG. 7 . Lung excised immediately after death of dog subjected to nasal steam inhalation for one minute. Tracheal fluid appeared in 20minutes; animal died 65minutes later. Dog 462, 161. Kg., 11-27-51.
(The use of color in this illustration is made possible by a grant from Winthrop-Stearns, Inc., to the publication fund of the American Heart Association.) 672 about the respiratory bronchioles and that the most peripheral portions of each lobule showed minimal involvement ( fig. 8) . The most striking finding was that of edema fluid which occupied the more central alveolar sacs. The adventitial lining of the venules showed a peculiar swelling or "cuffing" by edema fluid (figs. 8, 9, 10). Capillary engorgement with or without the frank extravasation of erythrocytes into the surrounding tissues was prominent ( fig. 10) . Ruptures of the alveolar walls were seen in some slides ( fig. 9) .
The morphologic changes largely confirm the importance of congestion in the development of edema. The "cuffing" of the pulmonary veins by edema fluid illustrates further that the veins are affected before edema spreads to alveolar spaces. The instantaneous appearance of congestion and edema can be deduced from the dogs that died immediately after burning without fluid in the passages ( fig. 8) .
C. Chemical Changes of the Excised and Perfused Lungs. Further confirmation of lung pathology was offered by quantitative measurements of the excised lungs (see appendix and table 3). There were significant differences in total weight and total moisture content between lungs of dogs killed with Nembutal or bled to death, and lungs from the burned dogs. The greater moisture in the burned lungs was due partly to more blood and chiefly to more edema fluid.
Although these measurements on severity of congestion and edema do not help in understanding the reasons for the differences in behavior among the various living dogs, the measurements become more informative when they are compared with measurements obtained from perfused lungs. The excised lung (one side) from a freshly killed dog was perfused for one hour with its own blood at normal arterial pressure (25 mm. Hg) but slightly higher than normal venous pressure (10 mm. TIg). (Method described in fig. 12 .) Four such lungs were found to be heavier; they contained more blood, but the normal amount of edema fluid when compared with the corresponding unperfused side. Still another similar group of lungs with additional burning during perfusion, exhibited the usual increased blood volume but considerably more edema fluid (table 3) . Increased capillary permeability by burning is therefore necessary for congestion to lead to edema in the perfused lung. Summary of Causation of Thermal Edema. At least two factors are actively causing the pulmonary edema after steam inhalations: (a) congestion and (b) increased capillary permeability. The permeability changes were demonstrated in burned perfused lungs but their exact role in intact animals remains to be proven. The prominence of congestion is based on observations in animals with closed chest, and on morphologic and chemical analysis of excised lungs. The immediate congestion is initiated, at least, by pulmonary venous constriction which was the only possible interpretation from the following: increased lung blood (PI2) volume, decreased pulmonary flow, increased pulmonary arterial pressure and normal left atrial pressure. The persistence of congestion after pulmonary arterial pressure has become normal means that other factors besides venous constriction were causing the congestion. The "cuffing" of the pulmonary veins with edema fluid (seen histologically) may be one of such factors. The control of pulmonary blood volume was next investigated as an attempt to remedy this congestion.
Part III. Control of Pulmonary Blood Volume
Our present information on pulmonary blood volume is based on direct measurements in perfused lungs,24, 25 and on estimates by dye dilution26-28 and by vital capacity29 in man. The radioactive technic has offered an additional means of supplementing our understanding of the pulmonary circulation. The last group of experiments now to be described was designed to elucidate the factors affecting pulmonary blood volume as related to the correction of pulmonary congestion and edema. A concomitant problem was the development of a method to measure the progress of pulmonary edema in the living animal so that any beneficial effect of the selected procedure can be assessed not only on the congestion (by radioactive method) but alsolon the edema.
A. Detection of Edema by'Alternating Current Resistance. One of the greatest difficulties in the study of pulmonary edema is its detection before the relatively late appearance of fluid in the passages. Methods that involve histologic examination become undesirable when continuous observations on a living animal are preferred. The estimation of fluid changes by electrical methods was first applied by Lambert and Gremels in 1926 to the heart-lung preparation." Its application to the whole animal with closed chests was undertaken systematically in the following manner:
1. Excised Lung. The original method proposed by Lambert and Gremels required the application of direct current voltage on copper electrodes inserted into the lungs. Polarization of such electrodes in an excised lung was easily demonstrated by noticing one to be polished and the other tarnished. The direct current measurements were indications of an electrolytic electromotive force, which was independent of the position of electrodes. We have minimized polarization by two modifications: (a) using platinum electrodes (size 26), and (b) measuring alternating current resistance with the signal source from an oscillator, an alternating current bridge for balancing the impedance and an oscilloscope as a null point indicator. The alternating current resistance was affected by distance between the platinum electrodes inserted into the lung. For a sample spacing, the resistance beyond a frequency of 20,000 cycles per second remained essentially constant ( fig. 11 ). This level was selected for all subsequent readings because it represented a reasonable compromise of all other factors, namely, problems of shielding and ease of operation. At this frequency the excised lung was found to be sensitive to the introduction of 5 cc. fluid into the cannulated artery and of 10 cc. air into the trachea, but not to induced temperature changes ( fig. 11 ).
2. Perfused Lung. The sensitivity of alternating current resistance measurements to air and fluid changes in the lung was further demonstrated in the isolated perfused lung. A dog was bled to death, the right lung was excised, and cannulas were inserted into bronchus, artery and left auricle for negative ventilation and perfusion ( fig. 12 ). In each of two preparations, stopping arterial flow to reduce the amount of blood in the lung caused an increase in alternating current resistance while the development of edema (by alloxan) caused a fall in resistance. The effects of blood flow changes are important because they emphasize the fact that alternating current resistance is sensitive to fluid changes but cannot distinguish between blood and edema fluid.
3. Intact Dogs. The experience in intact animals confirms the above observations. The chest was opened and the platinum tips were tied into two points of Blood infusion caused the converse picture, that is, increased pulmonary radioactivity and decreased alternating current resistance (table 6*). This response was present when the infusion followed a small compensated or a large noncompensated bleeding. A closer analysis of continuous radioactive and pulmonary arterial pressure measurements revealed that the increased radioactivity and increased pulmonary arterial pressure after a blood infusion lasted for several minutes, and outlasted the accompany-* At the request of the editor, tables 5 and 6 are being omitted but will be supplied on request.
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RESPIRATORY BURNS ing rise in carotid pressure. After pulmonary measurements have completely recovered to normal levels, cardiac output was essentially unchanged. It appeared as though the infusion caused a temporary storage of blood in the lung by venous constriction to explain the increased arterial pressure and increased lung blood volume with the cardiac output not higher than expected. This venous constriction was not affected by vagotomy. A similar response of the pulmonary arterial pressure has been reported in man. 32 After steam inhalation, bleeding orinfusion did not significantly change the already high pulmonary radioactivity. The three burned dogs subjected to repeated bleeding died with usual pulmonary congestion and edema as described in Part II.
FINAL COMMENT
The difficulties in treating pulmonary congestion and edema after steam inhalation can be explained on a twofold basis: (a) the compensating mechanism that normally stabilizes lung blood volume, and (b) injury to pulmonary vessels by heat, particularly by direct venous constriction and early "cuffing" of the pulmonary vein. As long as these factors are active, blood-letting does not offer any advantage. The prolonged congestion seen after blood infusion characterizes the pulmonary vessels as being able to store blood so that the contraindication of infusions in respiratory burns and other forms of pulmonary congestion is understandable. (a) The most prominent effect of tracheal steam inhalation is an immediate apnea that is followed in a minute by polypnea. This inhibition arises from lung receptors which are permanently damaged after activation by steam.
(b) The bradyeardia that accompanies the apnea is also a reflex arising from extrapulmonary receptors, unidentified in these experiments.
(c) The uptake of heat is reflected by a sudden rise in aortic blood temperature. A central medullary stimulation by warm blood is the best explanation for the short-lasting peripheral vasoconstriction, polypnea and tachycaidia, which all coincided with the peak of arterial blood temperature rise. The stabilization of temperature at a higher level is caused by the loss of heat-eliminating function of the burned lungs and passages.
(d) Blood hemolysis is more extensive than that encountered in skin burns.
(e) Froth in respiratory passages appears within half an hour after steam inhalation. One prominent accompanying sign is an increased respiratory minute volume. The increased depth is best explained by reflexes mediated by the sympathetic nerves from the lungs. After prolonged edema, anoxia becomes severe and blood analyses show low oxygen content and saturation, high blood hemoglobin, high hematocrit and high plasma specific gravity.
All 18 dogs died within two hours after tracheal steam inhalation. Although the five dogs that died of immediate circulatory failure did not show fluid in the tracheal cannula, congestion and edema were seen grossly and histologically in all the excised lungs. Congestion is a constant accompaniment of thermal edema. Radioactive measurements of lung blood volume show an immediate congestion after burning. This is due to a, venous constriction which is the only possible interpre-tation from increased radioactivity, decreased pulmonary flow, increased pulmonary arterial pressure and normal left atrial pressure. The chemical analysis of perfused lungs for edema fluid shows that increased capillary permeability by heat is a necessary accompaniment for pulmonary congestion to cause edema.
A pulmonary venous constricting mechanism is also initiated by blood infusion such that blood is stored for some time after it is injected intravenously. This response persists after vagotomy.
An attempt to treat pulmonary congestion after steam inhalation by arterial bleeding was unsuccessful partly because of a neurogenic mechanism that stabilizes the pulmonary blood volume at a constant level. Bleeding causes a shifting of blood from the peripheral depots into the lungs.
The electrical resistance method of Lambert and Gremels has been adapted for intact dogs. Several modifications in technic and interpretations are described. The alternating current resistance measures fluid changes in the lung but cannot distinguish between blood and edema fluid. It can measure lung blood volume changes.
A method that can detect early edema in a living animal is still wanting. 
APPENDIX

